In the granular retrosplenial cortex (GRS) of adult rats, callosally projecting pyramidal neurons in layer 2 form dendritic bundles, 30± 100 mm wide, in layer 1. The distinctness of these bundles makes the GRS an attractive model system for investigating the developmental, microcircuitry, and basic organizational features related to dendritic modularity. In this report, we investigate the developmental time course of the dendritic bundles, visualized by immunohistochemistry for microtubule-associated protein 2 (MAP2) and glutamate receptor subunits 2/3 (GluR2/3). Bundles in layer 1 are apparent as early as postnatal day 5, ®rst with GluR2/3 and then, from postnatal day 14, with MAP2. As a step toward understanding the mechanisms of dendritic aggregation, we further investigated the ontogeny of expression of the cell adhesion molecule OCAM. OCAM exhibits a patchy distribution in layer 1 from postnatal day 3 to adult, and the regions of weak OCAM immunoreactivity selectively correspond to the dendritic bundles (in both GluR2/3 and MAP2). The periodic geometry of OCAM-immunoreactive regions, the time course of their appearance and the distinct localization complementary to the bundles support the possibility that this molecule is one contributor to the establishment and maintenance of dendritic modules. The interdigitating relationship between regions of high OCAM immunoreactivity and the dendritic bundles in layer 1 suggests that OCAM may have a repellent in¯uence on the formation of these bundles.
Introduction
Apical dendritic bundles have attracted considerable interest as a basic cortical feature, although there are many unanswered questions, including their possible functional signi®cance (Mountcastle, 1997 (Mountcastle, , 2003 Jones, 2000) . The mechanisms of their formation and maintenance also remain poorly understand, in contrast with axonal fasciculation which has been examined extensively at the molecular level (see for review Van Vactor, 1998) .
One of the more distinct instances of dendritic bundling occurs in the granular retrosplenial cortex (GRS) in rats, a region involved in spatial learning and memory (e.g. Sutherland et al., 1988; Cooper & Mizumori, 2001; Harker & Whishaw, 2002) . This area therefore may be a good model for investigating the development, microcircuitry and other organizational aspects related to dendritic modularity.
In layer 1 of the adult GRS, bundles, 30±100 mm in width, consist of apical dendrites from callosally projecting pyramidal neurons in layer 2 (Wyss et al., 1990) . These intermingle with dendrites of parvalbumin-immunoreactive (PV-ir) GABAergic neurons in layers 2 and 3 (Ichinohe & Rockland, 2002) . The dendritic patches colocalize with elevated levels of NMDA receptor subunit 1 (NMDAR1) and GABA A recepter a 3 subunit . The interbundle spaces in layer 1 are associated in part with the apical dendritic tufts from a second dendritic subpopulation, namely pyramidal neurons in layers 3 and 5 (Wyss et al., 1990) . Thalamic axons from the anteroventral (AV) and anterodorsal (AD) nuclei speci®cally target the dendritic bundles in layer 1, while intracortical projections and calretinin-ir terminations target the interbundle spaces (Wyss et al., 1990; Shibata, 1993; .
In this report, we examine the developmental time course of the dendritic bundles in layer 1, and demonstrate that these can be detected at early postnatal stages (P5). We further demonstrate that OCAM, a cell adhesion molecule previously associated with the fasciculation of subsets of olfactory and vomeronasal axons (Yoshihara et al., 1993 (Yoshihara et al., , 1997 and with accurate odourant receptor-speci®c axon segregation (Alenius & Bohm, 2003 ; see also Treloar et al., 2003) , forms patches of high density from postnatal day (P)3, and that these interdigitate with the dendritic modules in layer 1 from P5.
Fixation and tissue preparation for light microscopy
Pups at P0 (n 7), P3 (n 7), P5 (n 8) and P7 (n 7) were anaesthetized with diethyl ether, and pups at P14 (n 6), P21 (n 5) and P28 (n 5) and adult rats (n 4) were anaesthetized with Nembutal (100 mg/kg). They were perfused transcardially with, in sequence, 0.9% saline and 0.5% sodium nitrite for 1 min, and 4% paraformaldehyde with saturated 15% picric acid in 0.1 M phosphate buffer (PB, pH 7.3) for 5 min. Post®xation was performed using the same ®xative for 2 h (from P14 pups to adults), or overnight (for P0±P7 pups). Then, the brains were placed in 30% sucrose and, after sinking, were cut into 40-mm-thick tangential or coronal sections on a freezing microtome. Some coronal sections were immediately mounted and stained for Nissl substrate with thionin.
Double immunohistochemistry for MAP2, GluR2/3, OCAM, NCAM, vimentin and nestin Sections were incubated for 1 h with 0.1 M phosphate-buffered saline (PBS, pH 7.3) containing 0.5% Triton X-100 and either 5% normal goat serum (PBS-TG) or normal donkey serum (PBS-TD) at room temperature. Serum species were chosen so as to match with the host animal of the secondary antibody. Then, the sections were incubated for 40±48 h at 4 8C in a mixture of two different antibodies. The two antibodies, raised from different animals, were chosen from the following: anti-MAP2a & b mouse monoclonal antibody (Chemicon, Temecula, CA, USA; 1 : 2000); anti-GluR2/3 rabbit polyclonal antibody (Chemicon; 1 : 100); anti-NCAM mouse monoclonal antibody (Sigma, St Louis, MO, USA; 1 : 100); anti-vimentin mouse monoclonal antibody (Chemicon; 1 : 200); anti-nestin mouse monoclonal antibody (BD Bioscience, San Jose, CA, USA; 1 : 500). We used two antibodies for OCAM. They are (i) rabbit antiserum against the Cterminal peptide (length 17 amino acids) of mouse OCAM (Yoshihara et al. 1997; 1 : 1000) , which selectively recognizes the transmembrane form of OCAM, and (ii) goat antiserum against NS0-derived rmO-CAM extracellular domain (R & D systems, Minneapolis, MN, USA; 1 : 300). The labelling pattern was almost identical between the two OCAM antibodies. Antigen combinations were (i) for MAP2 and either OCAM (raised in rabbit) or GluR2/3, (ii) for GluR2/3 and either OCAM (raised in goat), NCAM, vimentin or nestin, or (iii) for OCAM (raised in rabbit) and either vimentin or nestin. Finally, the sections were incubated for 1.5 h in either PBS-TG or PBS-TD containing the suitable combination of secondary antibodies. These were chosen from the following (all from Molecular Probes, Eugene, OR, USA): Alexa Fluor 488-conjugated anti-mouse IgG goat polyclonal antibody (1 : 200); Alexa Fluor 596-conjugated anti-rabbit IgG goat polyclonal antibody (1 : 200); Alexa Fluor 596-conjugated anti-goat IgG donkey polyclonal antibody (1 : 200); and Alexa Fluor 488-conjugated antirabbit donkey antibody (1 : 200). Fluorescent photomicrographs were obtained with a Zeiss LSM 5 Pascal confocal microscope (Jena, Germany), and images labelled with different¯uorochromes were merged using software of this confocal system.
For controls, one of the primary antibodies was omitted. No immuno¯uorescence was detected for the antibody under these circumstances.
OCAM immunoelectron microscopy
Vibratome coronal sections of 50-mm thickness were prepared from two adult animals, which were perfused transcardially with, in sequence, 0.9% saline containing 0.5% sodium nitrite for 1 min and 4% paraformaldehyde with 0.1% glutaraldehyde in PB for 5 min, and post®xed with the same ®xative for 2 h. Tissue including the GRS was trimmed out to facilitate the processing. Sections were incubated in 20% sucrose for 2 h, and then were freeze-thawed with liquid nitrogen. Sections were incubated for 1 h with PBS containing 5% normal goat serum (PBS-G) at room temperature, and then for 24 h at 4 8C with PBS-G containing rabbit polyclonal anti-OCAM antibody (see above; 1 : 10 000). After rinsing, the sections were placed in PBS-G containing biotinylated goat anti-rabbit IgG (Vector, Burlingame, CA, USA; 1 : 200) for 1.5 h at room temperature. Immunoreactivity was visualized with ABC incubation (one drop of reagents per 7 mL 0.1 M PB; ABC Elite kits, Vector) and diaminobenzidine histochemistry (0.05% 3,3
H -diaminobenzidine and 0.01% hydrogen peroxide). Sections were osmicated, dehydrated (including treatment with 1% uranyl acetate in 70% ethanol) and¯at-embedded in resin (Araldite M; TAAB, Aldermaston, UK). Ultrathin sections were collected on formvar-coated single-slot grids, and examined with an electron microscope (JEM 2000-EX; JEOL, Tokyo, Japan).
Results

Nomenclature
For the sake of clarity, we begin with a brief de®nition of terminology. In particular, the dendritic bundles or modules in layer 1 should not be confused with the underlying bundles which originate from pyramidal neurons in layers 3 and 5. These systems have often been distinguished by the literature in other cortical areas (Escobar et al., 1986; Peters & Kara, 1987; Curtetti et al., 2002) and in the GRS they are quite distinct. The dendritic bundles in layer 1 are separated by interbundle spaces. The spaces are occupied by the distal dendritic tufts of the deeper dendritic bundles, which branch extensively in layer 1 (Wyss et al., 1990) . Deeper, at the border of layers 1 and 2, the super®cial bundles lose their patchiness, join with their cells of origin in layer 2, and merge into a honeycomb-like structure, as shown by immunohistochemistry for PV (adult) or GluR2/3 (P5±P14 pups) (Ichinohe & Rockland, 2002;  this study).
Development of supragranular layers of the GRS: Nissl staining
At P0 (Fig. 1A) , the differentiation of the supragranular layers from the cortical plate is not evident, and this is still only rudimentary at P3 (Fig. 1B ). An adult-like con®guration of the supragranular layers occurs from P5 ( Fig. 1C±E ), when the cell-sparse layer 4 and adjoining layers 2 and 3 can be recognized. In the adult rat (Fig. 1F) , the GRS has a thick infragranular stratum (layers 5 and 6) with distinct large pyramidal neurons in layer 5, a thin, cell-sparse layer 4, thin but clearly distinguishable layers 2 and 3 with small densely packed pyramidal neurons in layer 2, and a relatively thick layer 1. A similar timing of laminar formation has been reported in somatosensory cortex (Wise et al., 1979) and visual cortex (Wolff, 1978) .
Layer 1 becomes rapidly thicker from P0 ($ 40 mm) and P3 ($ 70 mm), to P5 ($ 110 mm). Thereafter, there is a continued but slower increase ($ 130 mm at P7), with essentially adult thickness reached at P14 ($ 150 mm).
Development of dendritic bundles in layer 1 revealed by MAP2 and GluR2/3 immunohistochemistry MAP2 and GluR2/3, both commonly used markers for dendrites, demonstrate dendritic bundles in layer 1, but these are expressed according to a different time course by the two markers. In this study, we used antibody against MAP2a & b, which are high-molecularweight (HMW)-MAP2. An important point for interpretation of our results is that HMW-MAP2 is present in neuronal cell bodies, dendrites and dendritic spines, but absent from axons and glia (Binder et al., 1984; Riederer & Matus, 1985; Chung et al., 1996) . The antibody against this dendrite±somata-speci®c MAP2, in particular, stains thick apical dendrites intensely (Escobar et al., 1986; Ichinohe & Rockland, 2002; .
In adult, MAP2-ir shows both dendritic bundles in layer 1, originating from neurons in layer 2, and underlying bundles, originating from deeper neurons (Fig. 2C ). At P0±P7 ( Fig. 2A for P7; other data are not shown), there is a dense continuous band localized to the deeper part of layer 1. This probably corresponds mainly to dendritic tufts of pyramidal neurons in layer 5, at the distal end of their vertically ascending apical dendrites ( Fig. 2A) . At P14, the distribution has changed and become adult-like (Fig. 2B and C) . That is, MAP2-ir now extends into the super®cial part of layer 1 and, in addition to the vertically ascending dendrites from layer 5, distinct, tightly aggregated bundles are visible in layer 1. These bundles in layer 1 have the characteristic shape and size of dendrites from pyramidal neurons in layer 2 (Fig. 2C inset ; Wyss et al., 1990; Ichinohe & Rockland, 2002) .
GluR2/3 antibody densely stains cell bodies and proximal apical dendrites of some subpopulations of pyramidal neurons (Petralia & Wenthold, 1992; Brennan et al., 1997) . At early stages, P0 and P3, apical dendrite-like structures cannot be resolved in layer 1, although some patchy staining can be discerned, especially in the tangential plane (Fig. 3B , E, H and K). Apical dendritic bundles labelled by GluR2/3 become distinct in layer 1 at P5 and P7 (Figs 2D and 4B, E, H and K) , earlier than seen with MAP2 ( Fig. 2A) . The bundles emerge from a dense band of GluR2/3 immunoreactivity in layers 2 and 3, and thus correspond to apical dendrites from neurons in layer 2 and possibly layer 3 (see Discussion). At later stages (P14), the dendritic bundles are still apparent with GluR2/3 antibody but become less distinct (Fig. 2E) , and they are no longer detectable by this method in later stages (P21 to adult; Fig. 2F ). Double immuno¯uorescence for MAP2 and GluR2/3 indicates that the bundles, visualized by the two markers, are the same and are colocalized at P14 (Fig. 2G±I) .
Other changes in GluR2/3 immunoreactivity between P0 and the adult are that the immunoreactivity becomes less dense in layers 3 and 4 and more sharply con®ned to layer 2, and GluR2/3-ir cell bodies become more obvious, especially in layer 5 (Fig. 2D±F) .
In addition to the dendritic bundles in layer 1 we note that, from P5 to adult, GluR2/3 immunoreactivity shows a honeycomb-like structure at the border between layers 1 and 2 (Fig. 4E for P5 and Fig. 4K for P7) , where GluR2/3-ir cell bodies surround hollow spaces. This is consistent with previous results, where we showed in the adult GRS that the dendritic bundles in layer 1 (labelled by PV) merge into a more reticular honeycomb geometry in layer 2 (Ichinohe & Rockland, 2002) . In the developing GRS (from P5), the GluR2/3-ir reticulum is closely similar to the adult PV-ir honeycomb in this stratum, and may be supposed to colocalize with this. (Direct comparisons are not possible in early postnatal development, as PV is not expressed until P8±9; Alcantara et al., 1993. For adult rat visual cortex, see OCAM immunoreactivity in the developing GRS and its relationship with layer 1 dendritic bundles
The general laminar pattern of OCAM immunoreactivity is bistrati®ed throughout postnatal development to adult (Figs 3±5) . That is, high immunoreactivity occurs in layers 1 (especially its deeper part, 1b,c) and 5. Layer 6 is also stained, but more weakly than layer 5. OCAM expression is weak in layers 2±4, except that OCAM-ir dendrite-like structures extend vertically through these strata (see also section on OCAM immunoelectron microscopy).
Layer 1, however, undergoes considerable postnatal developmental changes. At P0±P3, layer 1 is relatively thin and subdivisions are hard to distinguish (Fig. 3A and G) . From P5, a thin OCAM-negative outer layer, 1a, becomes evident ( Fig. 4A and G) , and this becomes thicker and more obvious through P14 and the adult stage ( Fig. 5A and G) . This OCAM-negative stratum, layer 1a, is occupied by the distal dendritic tufts of layer 2 pyramidal neurons, while the dendritic bundles proper are concentrated in the lower part of layer 1 (Figs 4B and F, and 5B and F) .
In tangential sections, OCAM immunoreactivity shows a reticulated pattern in layer 1 from P3 (in rudimentary form) to adult (Figs 3J, 4D and J, and 5D and J) . At P0, the OCAM immunoreactivity in layer 1 is already patchy, but only slightly (Fig. 3D) .
From P5 to adult, the reticular pattern can easily be recognized as an alternating series of OCAM-dense patches and gaps (in tangential sections) or notches (in coronal sections) (Figs 4A, D, J and G, and 5A, D, J and G) . Double labelling for OCAM and GluR2/3, at P0 and P3, shows no speci®c relationship between the rudimentary OCAM pattern and GluR2/3 immunoreactivity in layer 1 (Fig. 3) but, at P5 and P7, double labelling shows that GluR2/3-ir dendritic bundles in layer 1 are complementary to OCAM-ir (Fig. 4) . This relationship is distinct in tangential sections but can also be seen in coronal sections, where the OCAM-weak notches are occupied by the GluR2/3-ir dendritic bundles. From P14 to adult, when the dendritic bundles in layer 1 are visualized by MAP2 immunohistochemistry, double labelling similarly shows an interdigitating relationship between OCAM and the MAP2-ir dendritic bundles (Fig. 5) . 
OCAM immunoelectron microscopy
In layer 1, the dense OCAM-ir patches (interbundle spaces) contain distal dendritic tufts of pyramidal neurons in layers 3 and 5 as well as corticocortical inputs and calretinin-ir terminal-like structures (Wyss et al., 1990; . To further characterize the identity of the OCAM-ir pro®les, we performed immunoelectron microscopy in adult rats. In layer 1, we found many immunopositive structures identi®able as small-caliber dendrites and spines (short diameter: mean AE SD, 0.44 AE 0.15 mm; range, 0.23±0.84 mm; n 48) ( Fig. 6A and C) . These pro®les are consistent with distal dendritic tufts. OCAM-ir dendrites can frequently be seen in direct dendro-dendritic apposition but without any indication of junctional specialization (e.g. gap junction) ( Fig. 6A and C) . Irregular-shaped glial processes are also labelled (Fig. 6A) , as are presynaptic boutoncontaining structures and small axons (Fig. 6B ) although these are fewer than dendrites. Presynaptic boutons and their postsynaptic target, however, are not labelled simultaneously. 
Development of layer 1 dendritic bundles in GRS 1769
The apical dendritic structures ascending vertically through layers 2±4 are frequently labelled with OCAM antibody (Fig. 6D) . This is in contrast to the observation that vertically orientated thicker dendritic shafts in layer 1 (probably mostly from layer 2 pyramidal neurons) are only rarely stained (Fig. 6C) .
NCAM immunoreactivity in the developing GRS
In the adult, NCAM immunohistochemistry shows clear lamination (Fig. 7A) in that layers 1, 5 and 6 are densely stained and layers 2, 3 and 4 less so. Unlike OCAM and MAP2 (Fig. 7C) , but similar to GluR2/3 (Fig. 7B) , there is no indication of periodicity or of sublaminar staining in layer 1.
NCAM immunoreactivity in the developing GRS (P0±P14) is relatively similar to that in the adult. Layer 1 has the highest density but without any periodicity (data not shown); the supragranular layers show lower density than layers 1, 5 and 6.
Radial glial markers in the developing GRS
Several studies of the formation of dendritic bundles below layer 1 have emphasized the importance of radial glia in the early stages, especially prenatal (Peters & Feldman, 1973; Schmolke, 1989; Lohmann & Ko Èppen, 1995) . In order to investigate the possible contribution of radial glia to the modular organization of layer 1 of the rat GRS, we used antibodies against vimentin and nestin. These substances are commonly used to visualize radial glia (e.g. Alves et al., 2002) although at later stages (postnatal), such as examined here, they actually show a mixture of radial glia and their transitional form to astrocytes (Kalman & Ajtai, 2001 ). In our material, both markers showed radially orientated ®bres in the layers below layer 1 from P0 to P7 (for vimentin see Fig. 8 ; the data from nestin are not shown). Number of ®bres decrease with increasing age. (After P14, nestin-and vimentin-ir structures markedly decrease.) Moreover, as has been reported previously (Kalman & Ajtai, 2001) , in layer 1 both vimentin and nestin show numerous process-bearing astrocyte-like cells. These intermingle with an extensive branching of radial ®bres and it has been suggested that they are transitional forms from radial glia to astrocytes. There is no obvious spatial relationship between the overall diffuse vimentin-and nestin-ir (Fig. 8) , and the GluR2/3-labelled bundles in layer 1 or the OCAM-ir interbundle spaces (data are not shown).
Discussion
In this study, we have shown in the postnatal developing brain that: (i) dendritic bundles in layer 1 of the rat GRS can be visualized with MAP2 or GluR2/3 as early as P5; (ii) OCAM, but not NCAM (and not vimentin or nestin), immunoreactivity exhibits a reticular pattern in layer 1 from P3, and even indistinctly from P0; and (iii) OCAM-dense regions from P5 are complementary to the MAP2-ir and GluR2/3-ir dendritic bundles. OCAM might be expected to colocalize with the dendritic bundles if it had a homophilic action but, in fact, the OCAMir patches concentrate in the interbundle zones in layer 1.
The identity of dendritic bundles in layer 1 of developing and adult GRS
In the adult GRS, the dendritic bundles in layer 1 originate from layer 2 pyramidal neurons, as shown by retrograde labelling with Fluorogold, intracellular ®lling with Lucifer Yellow, and Golgi preparations (Wyss et al., 1990) . The interbundle zones correspond to another system, consisting of dendritic tufts from pyramidal neurons in layers 3 and 5. The bundles in layer 1 are preferentially targeted by thalamocortical axons from AV and AD nuclei (Wyss et al., 1990; Shibata, 1993) , and the interbundle zones by corticocortical terminals (Wyss et al., 1990) .
Dendritic bundles are ®rst visualized in layer 1 by GluR2/3-ir as early as P5. At this stage, the supragranular layers are relatively immature (Fig. 1C) and, from several studies in visual or somatosensory cortex (Berry et al., 1964; Hicks & D'Amato, 1968) , we can infer that neurons in layers 2 and 3 are still migrating. Thus, the early bundles shown by GluR2/3 may, in contrast with the adult, include a component from neurons in layer 3 as well as layer 2.
The layer 1 dendritic bundles can be recognized by GluR2/3-ir from P5 to P14. From P14 to adult, however, the bundles lose their GluR2/3-ir and instead strongly express MAP2. At P14, bundles can be detected by both GluR2/3 and MAP2, and double immuno¯uorescence for these two proteins con®rms that they are expressed in the same dendritic modules at this stage.
Changes in molecular expression are well known during development. Transient increases in excitatory amino-acid receptors, including GluR2/3, are known to correlate with periods of enhanced synaptic plasticity and consolidation of synaptic connections (see Pellegrini-Giampietro et al., 1991; Cline, 2001) . The decrease in GluR2/3-ir in super®cial dendritic bundles may relate to the stabilization of AV and AD thalamocortical inputs, similar to what occurs in the rat barrel cortex. That is, in barrel cortex, GluR2/3 becomes markedly less dense from P10 in the thalamocortical dominant layer (layer 4) and compartments (barrel centres; Brennan et al., 1997) . This stage corresponds to the time (P8±P10) when thalamocortical synapses are thought to lose their plastic ability (see Feldman et al., 1999) .
The increased expression of HMW-MAP2 in the dendritic bundles in layer 1 after P14 is consistent with its role in the control of dendritic outgrowth and stabilization, and of experience-dependent dendritic plasticity by phosphorylation (Binder et al., 1984; Aoki & Siekevitz, 1985; Riederer & Matus, 1985; Chung et al., 1996) . Interestingly, it is suggested that MAP2a, which is reported by others to appear after P10 (Chung et al., 1996) , has a particular role in stabilization of the dendritic cytoskeleton rather than in dendritic outgrowth.
The identity and ontogeny of OCAM-ir reticulum OCAM-ir in layer 1 has a strongly reticular con®guration in the adult GRS. The OCAM-weak regions correspond to the dendritic modules and the OCAM-dense regions colocalize with the interbundle zones, occupied by the distal apical tufts of pyramidal neurons in layers 3 and 5. Consistent with this arrangement, electron microscopic analysis in the adult reveals that OCAM-ir in layer 1 is associated primarily with small-caliber dendritic structures and very rarely with vertically orientated thicker dendrites such as would derive from layer 2 pyramidal neurons.
The OCAM reticular pattern is clearly evident in layer 1 of the GRS from P3. As this precedes the formation of the dendritic bundles at P5, it seems plausible that the OCAM patchiness may be involved in the development and maintenance of these modules. We also note that this time course of expression of OCAM approximately corresponds with the maturation of layer 5 pyramidal neurons, and the OCAM-dense patches colocalize with the distal apical dendritic tufts originating from these deeper neurons. From work in neocortical areas, these distal tufts are known to undergo a large increase in secondary and tertiary branches at P3±4 (Wise et al., 1979; Miller, 1981 Miller, , 1988 , and this is consistent with the greater density of OCAM-ir pro®les compared with P0.
Role of OCAM in modular organization in the rat GRS
The periodic con®guration of OCAM-ir, the time course of its appearance and its distinct relationship with interbundle spaces support the possibility that this molecule plays an important role in the establishment and maintenance of dendritic modules. Although the particular mechanisms of how this is achieved remain to be determined, these are likely to be speci®c to OCAM, as NCAM, in contrast, did not show any obvious compartmentalization or sublamination in layer 1 at any stage of postnatal development.
The homophilic binding activity of OCAM has been implicated in the fasciculation of subpopulations of olfactory and vomeronasal axons (Yoshihara et al., 1993 (Yoshihara et al., , 1997 . This homophilic binding property could be one mode of action in the establishment of bundles or, more precisely, of interbundle compartments in the GRS. That is, our immunoelectron-microscopic analyses indicate that OCAM in layer 1 is localized at closely apposed surface membranes of small-caliber dendrites, probably derived from layer 5 pyramidal neurons.
What accounts for the conspicuous dendritic bundling of layer 2 pyramidal neurons? Because these avoid the OCAM-ir interbundles, one might postulate that they express counter-receptors for OCAM which repell dendritic branching and outgrowth in regions high in OCAM. It may be signi®cant, with respect to a possible repellent action, that the apical dendrites of layer 2 pyramids pass through the OCAM-dense inner two-thirds of layer 1, and by contrast arborize more richly in the OCAM-low outer one-third (Wyss et al., 1990) .
Future work might address the effects of OCAM on axon systems, several of which have distinct relationships to the dendritic bundles. For example, dendrite-speci®c OCAM could act as a short-range attractant for corticocortical and/or calretinin-ir terminations which target the interbundle spaces, but as a repellent for AV and AD thalamocortical terminations which preferentially target the dendritic bundles in layer 1 (Wyss et al., 1990; Shibata, 1993) .
Several studies of the formation of dendritic bundles have emphasized the importance of radial glia (Peters & Feldman, 1973; Schmolke, 1989; Lohmann & Ko Èppen, 1995) . These, however, have focused on the deeper bundles, which form at earlier stages than the super®cial bundles. By P5, when the super®cial bundles are recognizable, many of the radial glia transform to a multipolar form (probably transitional to astrocytes: Misson et al., 1988; Kalman & Ajtai, 2001) . Moreover, because the distribution of radial glial markers in layer 1 is homogeneous even from early stages, it seems likely that they play less of a role in the formation of the super®cial bundles.
The formation and maintenance of these bundles is likely to involve multiple complex interactions, including OCAM but also substances such as other cell-adhesion and extracellular matrix molecules, and secreting factors. Layer-speci®c mRNA expression of classical cadherins has recently been reported in the GRS (Bekirov et al., 2002) . In the mouse developing presubiculum, another periallocortical region like the GRS with a pronounced modularity, Cajal±Retzius cells and the secreting protein reelin exhibit a periodic distribution and are selectively high in the spaces between MAP2-positive dendritic bundles in layer 1 (Nishikawa et al., 2002) . In layer 4 of the barrel ®eld of cortex-speci®c NMDAR1 knock-out mouse, there is a disrupted dendritic polarization (Datwani et al., 2002) . We suggest that the GRS, with its particularly distinct organization, visualizable through development, offers an excellent model system for examining mechanisms of dendritic aggregation and modular organization.
